A recurring challenge in many opto-electronic systems is the need to interconvert information or energy between the optical or electronic domains. A promising approach is the use of excitons --bound states of electrons and holes --as information carriers intermediate between electronic and optical modalities, or as carriers in energy conversion systems 2, 11 . Since charge-neutral excitons are weakly affected by external in-plane electric fields, previous studies have sought to control the long-lived interlayer exciton 12 (with electron and hole confined in different quantum wells) through the quantum confined Stark effect (QCSE) in a bulk material AlAs/GaAs at low temperature (~100 K) 1, 2 . Two-dimensional (2D) transition metal dichalcogenides (TMDs) provide a platform for room-temperature excitonic and polaritonic devices, thanks to the large exciton binding energy in such materials 13, 14 . Recent work demonstrated gate-controlled propagation and polarization control of interlayer excitons in 2D TMD heterostructures 15, 16 .
The unusually high elasticity of atomically thin materials offers an alternative: controlling both intralayer and interlayer excitonic flux by strain-based bandgap engineering [17] [18] [19] . Moreover, the relatively long lifetime of intralayer excitons in TMDs at room temperature (1-4 ns) 20 suggests that strain-induced bandgap gradients can funnel them up to several microns 4 , comparable to recent demonstrations with interlayer excitons 15 . Strain-based exciton funneling was recently observed in fixed geometries including nanostructures and wrinkles [7] [8] [9] [10] . However, the ability to reversibly control exciton transport is a key step to illuminate range of new applications, from broad-band solar cells to efficient and compact excitonic devices. Here, we address this problem through in-situ application of a local strain gradient to modulate bandgap. By optical spectroscopy at cryogenic and room temperatures, we show that the applied strain allows exciton funneling into single spot in any spatial direction and position without the need of complex heterostructure assembly or electrical gates.
The working principle of the experiment is illustrated in Fig. 1a . A cantilever (shaded blue) with a sharp tip (sub-10 nm radius) induces a strain gradient in a TMD membrane suspended on a transmission electron microscopy (TEM) grid with 900 nm radius holes. We focus here on monolayer WSe 2 , though the technique can be extended on any 2D materials. The cantilever is controlled by a 3-axis piezoelectric translation stage (see Method). As seen in the simulation of exciton energy shift in Fig. 1b , the tip-induced strain creates a local depression in the exciton potential energy, ΔE(r) , which produces a funneling force F(r) = -E(r)/dr , where .
We first discuss cryogenic (4K) measurements. Tensile biaxial strain causes a linear redshift of the emission energy up to 12 meV, while the linewidth broadens by 70% (from 13 to 22 meV). We attribute this linewidth broadening to the distributed PL energy across the diffraction-limited spot (>500 nm), as explained in the following paragraph. The applied strain also modulates the emission intensity. Figure 2d shows that the total emission intensity, I total (V) , increases 47 ± 9.6 % for the highest voltage (brown), in agreement with previous works 8, 9 . Fig. 3 ). The nonlinear energy shift of the LB is stronger than for free excitons and can be used to estimate the strain in the absence of the free exciton peak ( Supplementary Fig. 4 ). We now compare the experimental data with a theoretical strain model. The strain applied on the membrane with the nanoindentation at the center of the circular hole follows the nonlinear equation [21] [22] [23] (see Method):
where is the maximum deflection of the membrane in the out-of-plane direction, is the prestress in the membrane, E 2D is the two-dimensional Young's modulus, q is a dimensionless constant calculated from More than an order of magnitude longer exciton lifetime and drift length at room temperature lend support to the interpretation to exciton funneling. Figure 4a shows the reversible PL modulation by controlling the external strain. The emission energy, linewidth, and intensity are plotted in Fig. 4b , showing an energy redshift and intensity increase similar to the cryogenic case. The stark contrast is the linewidth narrowing at larger strain, which has been explained as the reduced exciton-phonon coupling 24 .
Time-resolved PL measurement with pulsed laser excitation shows the drift of the exciton density in Fig. 4c. The upper panel shows the profile of the normalized exciton density without external strain. Excitons are dragged away from the excitation spot presumably due to intrinsic strain in the suspended membrane.
The time-dependent broadening is attributed to the diffusion process. However, the drift of excitons can be fully controlled when external strain is applied. Bottom panel of Fig. 4c shows that excitons generated at the center funnel into the tip position, highlighted by a white dashed line. In Supplementary Fig. 6 , we map the exciton density in the presence of local strain-induced potential, as derived from the diffusion equation:
where D , , n, and are the diffusion coefficient, mobility, concentration, and lifetime of the excitons;
is the potential energy modulated by nanoscale-tip induced strain; and G is the generation rate of the Fig. 7 ).
The distance between the excitation spot and tip position has been varied in Fig. 4g . 
Methods

Sample preparation and active strain modulation
Monolayer WSe 2 was mechanically exfoliated on the polymer substrate, and dry-transferred onto the commercial transmission electron microscopy (TEM) grid with 1.8-µm-diameter holes (TEMWindows).
The PL map shows large flakes spanning over several holes ( Supplementary Fig. 9 ). The suspended region emits much stronger PL intensity compared to the non-suspended region, as has already been reported 30 . For room temperature measurement, thin hBN layers (around 10-nm thick) were transferred before WSe 2 to support the monolayer on the larger hole size (5-µm-diameter) TEM grid (TedPella). A cantilever with a nanoscale-tip was mounted on the scanning and stepping piezo stages for the positioning (Attocube Inc.). Both the samples and piezo stages in the cryostat (Montana Instrument) cooled down to nominal temperature of 4 K. The cantilever applied strain from the bottom, not to block the excitation and emission light. Finally, the nanoscale tip (qp-SCONT, Nanosensors) was characterized by scanning electron microscopy (SEM) in Supplementary Fig. 10 . An AFM tip with higher spring constant was used for room temperature measurement (AC160TS-R3, Olympus).
Photoluminescence measurements
All the optical measurement was conducted with a home-built confocal microscopy ( Supplementary Fig.   11 ). 
Modelling strain distribution
The force applied to the small tip by a thin membrane follows the nonlinear equation:
where is the maximum deflection of the membrane in the out-of-plane direction, is the prestress in the membrane, E 2D is the two-dimensional Young's modulus, a dimensionless constant q is calculated from . The calculated strain distribution is displayed in Supplementary Fig. 5a with the same amount of indentation at the center of the hole. However, our optical measurements blur the strain distribution due to the large diffraction-limited spot size of the setup (λ/2NA = 664 nm for λ = 730 nm, NA = 0.55) despite the nanoscale size of the actual strain gradient. Supplementary Fig. 5b shows the optically averaged map of strain distribution which is obtained by a convolution of the original data and the gaussian-approximated beam profile. The averaged biaxial strain of 0.16% in the central region corresponds to the exciton energy shift of 10 meV 33 .
Numerical simulation of the exciton dynamics
The drift and diffusion of the excitons can be calculated in time-domain by one-dimensional diffusion equation: of the funneled exciton emission relative to the excitation spot, as the excitation spot moves by 100 nm steps in x-direction (green) and in y-direction (red). The size of each dot represents the PL intensity of the funneled excitons, which is plotted and then fitted by a single exponential decay in the inset. A characteristic decay length is longer than 300 nm in both directions.
